SYNOPSIS. TWO fundamentally opposed theories have been proposed to account for the origin of the body plan of the flatworms. Each theory relates to a different concept of the evolution of the early metazoans. For the defenders of the classical planuloid/acoeloi'd theory, the simple organization of the flatworms is reminiscent of an hypothetical acoelomate worm-like ancestor of all bilaterians. Flatworms therefore emerge very early in the bilaterian tree before the appearance of the coelomate organisms. For the proponents of the more disputed archecoelomate theory, all the bilaterians are descendants of a primitively coelomate ancestor. Flatworms would have lost the coelom secondarily. Since their acoelomate condition is no longer indicative of a primitive origin, most of their characters put them in the protostomes, with the spiralian phyla.
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FIG. 1. A variant of the planuloi'd/acoeloi'd theory.
The ancestor of all bilaterian organisms is supposed to be an acoel-like organism. It is itself derived from a planuloid, roughly similar to a cnidarian larva. In this situation, the platyhelminths are a paraphyletic group since all bilaterian are the descendants of a flatwormlike ancestor.
The planuloid-acoeloid concept
This scheme has been defended by Hyman (1940) among others. It states that the flatworms retain in their body plan the simplicity of an ancestral bilaterally symmetrical metazoan. The main argument is the comparison between the pelagic larva of many cnidarians, called the planula, and a group of very simple flatworms, the acoels. Planula larvae are radially symmetrical with distinct anterior and posterior ends. They are formed by an external ciliated epidermal layer (ectoderm) and an internal solid cell mass (entoderm). Acoels are small marine worms. They have either a simple pharynx or none at all. They have no permanent gut cavity (only a digestive cell mass), no protonephridia and no well delimitated gonads. Usually the nervous system has a net-like organisation, although in some species, there is an anterior "brain" from which originate pairs of nerves. Planula larvae and acoels have been considered to be almost unchanged descendants of two consecutive hypothetical ancestral bilaterians, the planuloid and the acoeloid. When the planuloid evolved into the more complex acoeloid (Fig. 1) , it acquired bilateral symmetry, some centralization of the nervous system, sensory organs and a gut cavity.
The notion that flatworms are primitively simple does not imply that they should be placed as a single branch at the base of the bilaterian tree. The phylum Platyhelminthes contains in fact very diverse animals (Brusca and Brusca, 1990) . The rhabditophorans, which form the bulk of the phylum Platyhelminthes (including the marine polyclads, the triclads and the parasitic neodermatans), have a more complex level of organization than the acoels described above. Rhabditophorans possess complex nervous, reproductive and excretory systems. In addition to the acoels, the catenulids are distinguished by their relative simplicity. The catenulids are small and roundish, with an anterior mouth. Contrary to acoels, they have a nephridium and a ciliated gut. In the context of the planula hypothesis, there is no strong reason to consider the flatworms as monophyletic, because most of their defining traits are supposed to be plesiomorphic in the Bilateria. Diverse groups of flatworms and also of minute "flatworm-like" animals (gnathostomulids, rotifers) may constitute a sort of stem group in which coelomate phyla are rooted. This is the point of view of Willmer (1990) . Smith and Tyler (1985a) and Smith et al. (1986) emphasize the dissimilarity between acoels and rhabditophoran flatworms, and they pinpoint the lack of evidence for the monophyly of platyhelminths. Haszprunar (1996) , in a recent cladistic analysis, has singled out the acoelomorphs and the catenulids, which, in his opinion, are not related to the rhabditophorans, but may represent independent early offshoots of the bilaterian tree. The acoelomorphs group the orders Acoela and Nemertodermatida on the basis of shared ultrastructural characters (Smith and Tyler, 1985fc) . The question of how the acoels and the catenulids are actually phylogenetically related to the other flatworms is thus of particular interest.
Many recent analysts recognize the fact that rhabditophoran flatworms share many traits with protostome coelomates (spiral cleavage, ciliated larva of the polyclads, tendency to ventral concentration of the nerve cords) and place the rhabditophorans at the base of the protostome branch. Since the coeloms of protostomes and deutero-stomes, being formed differently, are not thought to be homologous (Nielsen, 1995) , this position is compatible with the planula hypothesis.
The archecoelomate theory
Conversely to the planuloid scheme, the archecoelomate theory postulates that the ancestor of all Bilateria was a coelomate organism whose coelomic cavities were derived from gut pouches similar to the ones existing in anthozoan cnidarians. The theory is deeply linked to the concept of enterocoely, which means that the ancestral way in which the coelom forms in the embryo is by outpocketing of the gut wall, as is seen in most deuterostomes, some lophophorates and chaetognaths. This is basically an extension of Ernst Haeckel's gastrea theory (1874) since these gut pouches constitute a Haeckelian recapitulation of a structure present in the adult ancestor, as in anthozoans. This idea appears to have been first defended a century ago by Sedgwick (1884) , but it has been more recently revived by Remane (1963) , Marcus (1958) , Jagersten (1955) and Siewing (1980) . Figure 2 describes the bilaterian phylogeny in Remane's opinion (1963) . The ancestor of eumetazoans (Bilateria + cnidarians) was an organism possessing the same type of biradial symmetry as anthozoans and four gut pockets. The elongation of the bilateral axis, combined with the closure of the gut pockets giving rise to bilateral coelom cavities, generated the fundamental bilaterian body plan. This organism, the proto-coelomate, also has a complete gut due to the medial closure of the slit-like blastopore, a "brain" with nerve cords arising from it and a tripartite coelom (protocoel, mesocoel, metacoel) . In acoelomates, the coelomic cavities have disappeared, although some remnant of them might persist in nemertines. In flatworms, some systems of organs which are tightly associated with the presence of a coelom, like blood vessels or metanephridia, have disappeared. Eventually, even the anus was lost. In this context, most characters place the flatworms in the protostome branch of the bilaterian tree, but not necessarily at the base of this branch (Fig. 2) . Remane (1963) . The ancestor of all bilaterians is a protocoelomate organisms with three coelomic compartments (protocoel, mesocoel and metacoel) derived from the gastric pouches of an ancestor which had the same internal organization as an anthozoan polyp. Both the Deuterostomia and the Lophophorata, which have "trimeric" organization, are directly derived from this ancestral condition. Flatworms are a monophyletic group related to the Spiralia (with molluscs, annelids and arthropods). They have lost the ancestral coelom, whereas annelids and arthropods have acquired a segmented metacoel.
Proponents of the planuloid-acoeloid scheme and defenders of the archecoelomate theory thus have strikingly divergent opinions on the status of flatworms in metazoan evolution. For the former, flatworms are witnesses of a key step in this evolution, i.e., a stage that has preceeded the acquisition of the complex body plans of coelomate animals. For the latter, flatworms are a very derived group and their adult morphology does not give any hint to the mainstream evolution of the bilaterian body plan.
The rise of molecular phylogeny has provided a powerful approach to build the family tree of metazoans with characters presumably independent of the morphological and embryological ones. This allows one to build trees which are supposedly devoid of the ideological biases that may have affected zoologists previously. These molecular trees can then be compared with the existing theories of the evolution of morphology. Unfortunately, molecular phylogenies have their own pitfalls. In this paper, I wish to explain the reasons why the most widely used molecular marker, the 18S rRNA gene, Philippe et al. (1994) , Halanych et al. (1995) , Winnepenninckx et al. (1995) , and Balavoine (1997) . The position of the platyhelminths as proposed in this article is shown. Signs on the right indicate the segmented and coelomate phyla.
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yields ambiguous information. On the other hand, the study of the evolution of a cluster of related developmental genes, the HOX complex, provides evidence that the defenders of the archecoelomate scheme may be right, as far as the platyhelminths are concerned.
THE 18S R D N A PHYLOGENY
The universality, length and pattern of variation of the 18S rDNA gene, with alternating conserved and variable portions, provide a powerful tool for large scale evolutionary construction. Additionally, the process of homogenization of the multiple copies of this gene that exist in the genome apparently prevents any methodological problem resulting from gene duplications.
Construction methods have been refined too, and some of the pitfalls that can affect the construction of molecular trees have been identified, such as unequal substitution rates and saturation. Accelerated rates of substitution are a particularly crippling problem for some species. This sometimes makes the taxon look "older" than it actually is and causes the so-called "longbranches attraction" artefact (Felsenstein, 1978) . This problem can be identified by using the relative rate test (Sarich and Wilson, 1973) . A good example of a long branch is the fruit fly Drosophila, but whole phyla are also known to be affected by accelerated rates, like nematodes (Aguinaldo et al., 1997) . We will see that such an accelerated rate is common in flatworm species and that this is affecting the stability of molecular phytogenies for this group.
The outline of the 18S rDNA metazoan phylogeny
Papers by Philippe et al. (1994) , Winnepenninckx et al. (1995) , Halanych et al. (1995) , Mackey et al. (1996) and Aguinaldo et al. (1997) have shown trees of metazoan 18S rDNA dealing with most coelomate phyla. These trees share many common points, which can now be used as a new framework to address the question of metazoan evolution. A consensus of these results is shown in Figure 3 . A number of points found consistently are confirming some of the oldest concepts of metazoan classification. This includes the monophyly of the triploblasts or Bilateria, which is remarkably supported by the bootstrap test.
Sponges, cnidarians and ctenophores emerge as outgroups of the Bilateria. The deuterostomes are also found as a robust grouping in most trees, showing that the synapomorphies proposed for them, mainly embryological (ontogeny of the mouth, radial undeterminate cleavage), are valid ones. The monophyly of the coelomate protostomes is supported in most trees, although less strongly than for the deuterostomes. Arthropods are a monophyletic group when only coelomate phyla are used. Tardigrades (Giribet et al, 1996; and onychophorans (Aguinaldo et al., 1997) appear to be more related to arthropods than to annelids, which justifies the use of the term "panarthropods." In contrast with these expected groupings, a surprising cluster of most of the remaining protostome phyla has been consistently found. This includes not only the spiralian phyla (annelids, molluscs, pogonophorans, echiurans, sipunculids and nemertines), termed "eutrochozoans" by Eernisse et al. (1992) , but also lophophorate phyla (bryozoans, brachiopods and phoronids). Since it is difficult to find any convincing morphological synapomorphy for this grouping, it has been called "lophotrochozoans" by Halanych et al. (1995) .
The existence of these assemblages, if confirmed, is in contradiction with two widely accepted traditional views: the grouping of the annelids with the arthropods (known as the "Articulata") and the deuterostome affinities of the lophophorates. The tree of the bilateria takes the shape of a double dichotomy, giving three great branches of coelomate phyla.
Most importantly for the present discussion, the acoelomates and pseudocoelomates do not appear to emerge in a basal position in the most recent trees. Aguinaldo et al. (1997) suggest the existence of a clade of moulting animals (Ecdysozoa), comprising the priapulids, nematodes, nematomorphs and kinorhynchs together with the arthropods. On the other hand, rotifers (Aguinaldo et al., 1997) and nemertines (Turbeville et al., 1992; Winnepenninckx et al., 1995) appear to be robustly grouped with the lophotrochozoans.
Fast clock in flatworms
The position of the flatworms, although a substantial number of species have already been sampled, is unstable. It varies with the sampling of species and the method of tree construction used. Early attempts (Philippe et al., 1994) , made only with representatives of the trematodes, showed an early emerging position within the bilateria. This position, however, was poorly supported by the bootstrap values. It was challenged when more representatives of the different orders of flatworms were added to the sampling. The reason for this instability is the general trend for the 18S rDNA to evolve rapidly, in all flatworms sampled so far. According to relative substitution rate calculations (Balavoine, 1997; Aguinaldo et al., 1997) , the trend varies considerably accross the phylum. A catenulid (Stenostomum) and polyclads have the lowest rates; trematods have intermediate rates; cestodes and triclads have fast evolving sequences. The record in high rates belongs to the acoels. The most comprehensive analysis by Carranza et al. (1997) shows the problems of dealing with the phylogeny of the flatworms. Platyhelminths are never found monophyletic. Acoels and catenulids are separated from the rest (and from each other). The monophyletic rhabditophora are found at the base of the protostome branch, contradicting early results, but statistical significance is always low.
One way to deal with the problem of high substitution rates is to eliminate from the sampling the species which have the highest rates. Eliminating the acoels, Balavoine (1997) found an emergence of the rhabditophora within the lophotrochozoans, using both Neighbor Joining (Saitou and Nei, 1987) and Maximum Parsimony (Swofford, 1993) tree-building methods. However, bootstrap values are very low. When only the polyclads are taken, the relationship with the lophotrochozoans is slightly reinforced (from 43% to 57% with Parsimony) (Balavoine, unpublished result) . Aguinaldo et al. (1997) have applied this strategy even more strictly by taking the only Stenostomum, a catenulid species. It is found clustered robustly with the lophotrochozoans.
The acoels are invariably found as an early emerging lineage, not necessarily related to the other flatworms (Katayama et al, 1996; Carranza et al, 1997) . However, the substitution rate inferred for the acoels is also the highest calculated for the flatworms. It is questionable whether any phylogenetic information concerning the position of the acoels relatively to the Bilateria or the other flatworms can be recovered from such an abnormally evolving 18S rDNA sequence. It should be noted, however, that a sequence of a nemertodermatid, Nemertinoid.es, has been obtained by Carranza et al. (1997) . The nemertodermatids are simple flatworms which are presumably related to the acoels in the acoelomorphs (Smith and Tyler, 1985a) . Nemertinoides is robustly clustered with the rhabditophorans. This is an indication that the acoelomorphs might well be included in a monophyletic Platyhelminthes.
The combination of these results remains unsatisfying. The task of determining the position of the flatworms in the metazoan tree, or whether flatworms are monophyletic, is compromised by the dramatic unequalities of substitution rates. Three solutions are encountered, at least for the rhabditophorans: at the base of the bilaterian tree, at the base of the protostomes or within the protostomes as members of the lophotrochozoan branch. An important clue nevertheless is that the lophotrochozoan affinity is favored when selecting slow evolving species, at the expense of the early emergence. However, the data are definitely not sufficient to establish the affinities of the flatworms within the protostomia. Evidence from other molecules is needed.
THE EVOLUTION OF THE HOX CLUSTER: A NEW APPROACH TO METAZOAN PHYLOGENY

A genetic synapomorphy of the bilaterians
The HOX cluster is a complex of genes coding for DNA-binding transcriptional regulators. They all share a conserved sequence called the homeobox, which codes for the sixty amino acid DNA binding motif, the homeodomain. The HOX cluster was first genetically identified by Ed Lewis in the fruifly Drosophila as a cluster of genes that regulate segment identity in the early embryonic development of the fly. Mutations of these genes cause phenotypes of homeosis (segments are transformed into the likeness of another segment), hence the name homeotic genes. The striking property of this complex is the colinearity rule: the genes affect segments along the body axis (and are expressed at the mRNA level) in the same order that they are found on the chromosome. Two complexes of homeotic genes (ANT-C and BX-C) have been identified in the fly, but this has been demonstrated to be a secondary condition, since a single cluster grouping homologues of all the genes of the fly is found in the beetle Tribolium (Beeman et al, 1993) .
The discovery of Hox genes in vertebrates has opened a new era: once it was realized that developmental genes were conserved in their structure between such distant organisms as fly and vertebrates, the idea appeared that the evolution of these genes could provide clues for understanding the evolution of the metazoans. In the past decade, comparative research using the conservation of the HOX cluster has developed considerably and has proven that the fundamental system for anterior-posterior axis patterning is conserved in distant branches of the bilaterian tree.
Murine Hox genes can be individually related to fly Hox genes on the basis of the comparison of the homeobox sequence. The HOX cluster arose by gene duplication in an early phase of the evolution of metazoans. The four clusters of the vertebrates appeared by successive duplications of a single cluster of 13 genes within the deuterostome branch (Holland and Garcia-Fernandez, 1996) . The conservation of the colinearity rule and of the embryonic function of these genes (murine mutants show "homeotic" transformations of the vertebrae morphology, reviewed in Manak and Scott, 1994) show that the role of this cluster in body axis patterning evolved prior to the protostome/deuterostome divergence. Hox genes have been looked for in metazoans which diverged earlier in the tree, i.e., the cnidarians. The most complete Horizontal shading denotes the classes of genes. Genes with a dashed box are short PCR fragments. The others are complete homeobox sequences. There are two pairs of closely related genes Pnox3IPnox2 and Pnoxlal Pnoxlb in Polycelis. These are probably recent duplication events, possibly linked to a tetraploidy in this species. Sources: Leech, Kourakis et al. (1997) ; polychaete Ctenodrilus, Dick and Buss (1994) ; polychaete Chaetopterus, Irvine et al. (1997) ; triclad Polycelis, Balavoine and Telford (1995) ; Balavoine (1996) ; triclad Dugesia, (a) Tarabykin et al. (1995) , (b) Bayascas et al. (1997) .
work on this domain has been done on hydrozoans (Naito et al, 1993; Kuhn et al., 1996) . A number of Hox-like genes have been identified in these animals, but none of them corresponds very well with the fly or mouse genes. As emphasized by Kuhn et al., (1996) , it is possible that these genes represent another family, produced by different duplications than the ones which have given rise to the HOX cluster in Bilateria. In the middle of the complex in both fly and vertebrates, several homeoboxes with very similar sequences are present, forming the so-called "Anrp-class" of genes (four genes in the fly, three "archetypal" genes in the mouse). The homeodomain sequence alone is not sufficient to establish the exact relationships of these genes. Small peptides appear to be conserved outside the homeodomain. The Ubx and abd-A genes of the fly share such a common peptide just downstream of the homeodomain, which one can call the "Ubd-A" peptide (Fig. 5) . This peptide has been shown to be crucial for the functional specificity of the proteins (Chan and Mann, 1993) . This conserved peptide is not found in the vertebrate genes. The hypothesis that can be inferred is that the duplications that gave rise to the fly Antpclass genes happened independently of the ones that occurred in the vertebrate lineage. In particular, genes coding for a "Ubd-A" peptide evolved in the protostome lineage.
Thus we know of at least three dramatic genetic events, which can potentially be used as markers of phylogenetic affinities: the multiplicity of posterior genes in the deuterostome lineage and the presence of a couple of "Ubd-A" genes in the protostomes. The last common ancestor would have therefore possessed a set of seven Hox genes at least. This ancestral HOX cluster may have been entirely produced by successive gene duplications in an ancestor of the Bilateria after the divergence of the cnidarian lineage.
Can we use these peculiarities for the purpose of establishing phylum relationships? The idea of using developmental genes, which are involved in early body plan patterning, for making the phylogeny of these body plans seems to be suspect at first glance. The evolution of 18S rDNA, which is not supposed to be connected with morphological evolution, would be better in this respect. However, it should be kept in mind that we are here using the conservation of gene sequences to identify sets of orthologous genes and potential shared gene duplications. This approach is largely different from using sequence divergence as in the 18S rDNA phylogeny. It appears that the constraints weighing on the Hox gene family are of a much higher magnitude than the ones which are expected from the conservation of the body plan only. Illustrating this assertion is the fact that the composition of the sea urchin HOX cluster (Popodi et al., 1996) seems remarkably similar to the vertebrate one, although the adult morphologies of these two groups are very dissimilar. The evolution of the sequence of individual genes appears to be independent enough from the evolution of the body plan itself, thus allowing the recognition of orthologous genes as potential molecular synapomorphies.
The composition of the Hox gene family is in good agreement with the threebranched tree of bilaterians suggested by the 18S RNA.
Few HOX clusters have been fully mapped until now, because of the large amount of work required. As an alternative, Hox screens have been carried out using PCR with "generalistic" primers, followed by the recovery of the whole homeobox sequence, either by inverse-PCR (Balavoine, 1996) or by sequencing of genomic clones (Garcia-Fernandez and Holland, 1994) . The disadvantage of the PCR method is that some genes can be "missed." The absence of a particular gene can therefore never be taken as a convincing evidence.
Remarkably, Hox screens in deuterostomes show several posterior genes and no "Ubd-A" type genes. The most complete works have been done in a cephalochordate (Garcia-Fernandez and Holland, 1994 ) and a sea urchin (Popodi et al., 1996) , for which cluster organisation data are available. Extensive data still await to be obtained for urochordates (Di Gregorio et al., 1995) and hemichordates (Pendleton et al., 1993) . The cluster of amphioxus strongly ressembles the archetypal 13 genes-cluster that can be inferred for the vertebrates. At least four posterior Abd-B-like genes are present in this species (Holland and Garcia-Fernandez, 1996) , while three central Antp-class genes may correspond to the orthologues of the Hox-6, -7 and -8 of the vertebrates. None of these central genes shows a peptide closely ressembling "Ubd-A." The situation seems similar in the sea urchin (three central genes, at least three posterior genes) (Popodi et al., 1996) . In urochordates, there is indication that there are multiple Abd-B genes too (at least three) (Di Gregorio et al, 1995) . Therefore the archetype inferred for the vertebrates actually existed in the ancestor of deuterostomes.
The data available from protostomes, although still sparse, tend to confirm the sharp division of protostomes into the two 
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"Ubd-A" peptide main branches shown by the 18S RNA sequences. In arthropods, Hox screens are available from crustaceans (Averof and Akam, 1993) , chelicerates (Cartwright et al, 1993) , myriapods and onychophorans (Grenier et al, 1997) . In all of these species, genes very similar to those found in flies have been found; in particular, the central Hox genes (Antp, Ubx, abd-A) . The Ubd-A peptide coding sequences are present in the corresponding genes of crustaceans, myriapods and onychophorans in a form very similar to the fly. This confirms the monophyly of the panarthropods (tardigrades remain to be analyzed). A fly-like cluster existed in the ancestor of panarthropods, which differs distinctively from its deuterostome counterpart.
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From the potential lophotrochozoan branch, reliable data are available mainly from annelids. Hox screens have been carried out in polychaetes (Dick and Buss, 1994; Irvine et al, 1997) and clitellates (Snow and Buss, 1994; Kourakis et al, 1997) . Figure 5 shows an alignment of sequences organized according to their relationship with the coelomate ancestral cluster. Representatives of six out of the seven classes of ancestral genes previously described have been recovered from annelids. The structure of the cluster still awaits to be assessed but the homeoprotein similarities are clear enough to establish additional relations of orthology that could be phylogenetically significant. The evolution of the anterior part of the cluster seems to have been rather conservative. The first five classes of genes appear to be represented in polychaetes {Ctenodrilus, Chaetopterus). No pb or Hox3 gene has yet been discovered in the leech, despite extensive PCR screens, so it is possible that these two genes are secondarily missing or very derived in clitellates. At the other end of the cluster, no Abd-B sequence has yet been published for any annelid, suggesting that this particular class might be missing in annelids (Irvine et al, 1997) . However, this absence is most probably a technical problem. The sequence of the Abd-B-like genes in annelids might be too derived to be recovered with the generally used Hox primers.
The most significant results at the moment come from the Antp-c\ass of genes. As shown by Figure 4 , this class contains at least three genes in annelids (it is still unclear whether a fourth one, the leech Loxl, is a member too). Two of these, Lox2 and Lox4 in the leech and their polychaete orthologues, show a Ubd-A peptide, clearly homologous to the peptides in Ubx and Abd-A. This similarity indicates that a Ubd-A-like gene appeared prior to the annelid/ arthropod divergence. Since no gene of this kind has been found in deuterostomes, the Ubd-A genes are potential synapomorphies of the protostome coelomates. The remaining gene, Lox5, is more similar to Antp, though they cannot be considered orthologous with certainty.
Additional arguments for the orthology relationships of these annelid genes come from their expression patterns in the development of the leech. Although Lox5, Lox2 and Lox4 exhibit dramatic differences in their time of deployment and aspects of their germ layer specificity, they all show a clear anterior limit of expression. These anterior limits are corresponding respectively to the segments 4, 8 and 10 (Kourakis et al, 1997) . This strengthens the argument that Lox5 might be an Antp orthologue.
The precise relationship between Lox2, Lox4, Ubx and abd-A is open to debate. The colinarity argument brought by the expression data is in favor of orthology relations between Lox2 and Ubx on one hand, and Lox4 and abd-A on the other. However, the comparison of the protein sequences does not support such relations. Instead, additional similarities can be found between Lox2 and Lox4 upstream of the homeodomain, in the hexapeptide region. Lox2 and Lox4 might be the product of a duplication specific to the annelid lineage while Ubx and abd-A would have diverged in an ancestor of the arthropods only (Grenier et al, 1997) .
A clear prediction of the hypothesis presented above is that Lox5-, Lox2-and Lox4-like genes should be found in other phyla suspected to be related to annelids. Remarkably, this has been verified in three phyla, the molluscs, the nemertines and the brachiopods (de Rosa, Lartillot, Girardot, Adoutte and Balavoine, unpublished results). The presence of this particular gene set in these groups supports the controversial lophotrochozoan clade of Halanych et al. (1995) . Obtaining Hox genes from phyla now supposed to be associated with panarthropods in the Ecdysozoa is another crucial test. These animals should possess A«Zp-class genes more similar to Antp, Ubx and abd-A than to Lox5, -2 and -4.
Flatworm Hox genes share similarities with the genes of annelids
A number of Hox screens from flatworms have been published, mainly from planarians (Bartels et al, 1993; Balavoine and Telford, 1995; Balavoine, 1996; Tarabykin et al, 1995; Bayascas et al, 1997) . The species which have been sampled are closely related and this is reflected by strikingly similar homeodomain sequences. Nevertheless, there are some differences between Polycelis and Dugesia, the two most studied species. A labial-class gene has not been found in Dugesia. However, its presence is established in Polycelis (Balavoine and Telford, 1995) and Phagocata (Bartels et al, 1993) . Conversely, no pb and Dfdclass gene has been found so far in Polycelis. These discrepancies are most probably due to the limitation of the PCR screening method, rather than being genuine differences. The combination of the sampling of genes obtained gives an archetypal planarian with a family of at least eight genes distributed in six classes {lab, pb, Hox3, Dfd, Scr and Antp) . The absence of an Abd-B related gene might be due to the same technical limitation as discussed above for the annelids. An early interpretation of this surprising diversity of genes (Balavoine and Telford, 1995) was made in a context still overwhelmingly favorable to the hypothesis of an early emergence of the flatworms. Close examination of the sequences has led to a new interpretation (Balavoine, 1997) in favor of a position of the flatworms within the lophotrochozoans. Additional sequences by Bayascas et al. (1997) have now strengthened the case. The argument is based on the composition of the Antp class. The other conserved genes of the lab and Dfd-c\ass give comparatively little information. There might be as many as three genes in the planarian Dugesia representing the Antp-cl&ss. As explained in Balavoine (1997) , the twin genes Pnoxla and Pnoxlb of Polycelis, corresponding to Dthox-F in Dugesia, do encode a Ubd-A peptide (Fig.  5) . Their homeodomains are quite similar to the Lox4 homeodomain of the annelids. Two other genes, Dthox-E and Dthox-C of Dugesia (Pnox7 of Polycelis) are clearly related to the Lox5 gene of the annelids, including a similarity in nine amino-acids situated downstream of the homeodomain. This particular motif can be named the "Lox5" peptide (Fig. 5) . The Lox5 peptide is not found in any arthropod gene, in particular not in Antp. There may be a remote similarity with the corresponding part of Hox6 in amphioxus, but its significance is dubious because the Hox6 genes in vertebrates do not show any strongly conserved motif in this portion of the protein. The genes Dthox-E and Dthox-C of Dugesia could be the product of a relatively recent duplication in planarians.
Taken together, these similarities strongly suggest that the flatworms are part of the protostome assemblage. The additional similarities of the Lox5 and Lox4 genes show that they may be closer to annelids than to arthropods. The only other possible explanation would be that the sequences of Lox5, Lox2 and Lox4 are much closer to the ancestral Antp-c\&ss genes in protostomes and that the genes have been changing much faster in arthropods. As we have seen, the remarkable conservation of Antp, Ubx and abd-A in panarthropods supports just the opposite. No Lox2 gene has been found in any planarian, suggesting the possibility that it might be genuinely missing. But if Pnoxla and -b are really the orthologues of Lox4, then Lox2 has been lost secondarily in planarians. It might still be found in other flatworms.
The process of gene duplication that gave rise to these unique combinations of Antpclass genes is still unclear. One can propose specific duplications in each superphylum, but additional relations of orthology might not appear because of the long time of divergence that separates these superphyla. This scenario should thus not be taken as a definitive statement but as a working hypothesis.
Several questions still need to be investigated in flatworms. Is there any group of flatworms possessing a Lox2 gene? What is the chromosomal organization of these genes and what does it tell about their relationships? Do these genes have expression patterns during embryogenesis that resemble those of the annelids (Kourakis et al., 1997) ?
FLATWORMS HAVE LOST THE ANUS, THE COELOM AND POSSIBLY THE SEGMENTATION We have support, from both 18S rDNA and the Hox genes, for a three branched tree of coelomate metazoans, namely the deuterostomes, the panarthropods (possibly the ecdysozoans) and the lophotrochozoans. The flatworms, according to the evidence from the Hox genes, may be part of the lophotrochozoan assemblage, as represented in Figure 3 .
Such a topology of the bilaterian tree leads to a new interpretation of the evolution of body plans. Firstly, this contradicts deeply the planuloid/acoeloi'd scheme. The platyhelminths do not appear to be a paraphyletic stem group in which the coelomate phyla emerge. The view presented by molecular phylogeny is the opposite: flatworms appear as a monophyletic group (with the possible exception of acoels and catenulids) which is rooted inside the protostome branch (and not at its base). What is true for the flatworms is also true for the other "acoelomate" phylum, the nemertines, which clearly belong to the lophotrochozoan branch. Furthermore, the various pseudocoelomates, which have also been seen as potential "early attempts" in the bilaterian lineage, are now shown to be related either to arthropods (Aguinaldo et al., 1997) or to lophotrochozoans (Mackey et al., 1996) . This three-branched tree does not support the whole of the archecoelomate view either, because one of the fundamental tenets of the theory, the ancestral status of a trimeric body plan, does not fit this tree very well. Multimery would have evolved at least three times from trimery (in annelids, arthropods and chordates) if we are to retain the view that the trimery seen in larval echinoderms, hemichordates and lophophorates is homologous. Because of the position of the lophophorates within protostomes, this homology now appears very unlikely.
The topology of the coelomate tree argues for an even more complex ancestor than the one suggested by the archecoelomate theory, i.e., a coelomate segmented ancestor. Figure 3 shows the distribution of the coelome and segmentation among the phyla. Most of them are coelomates, which of course, can be best explained by the fact that the ancestor was already a coelomate. Traditional views maintain at least a diphylic origin of the coelom. This opinion is mainly grounded in the fact that the ontogenesis of the coelom is supposed to follow dramatically different paths in deuterostomes and protostomes. In broad terms, the fundamental path in deuterostomes is supposed to be an enterocoelic outpocketing of three pairs of coelomic cavities whereas, in protostomes or at least the hypothetical articulates, the process would be schizocoely in somites arising from the split of mesodermal bands. Nevertheless, this clear-cut dichotomy does not fit the three-branched tree very well. Enterocoely occurs in both the protostomes (brachiopods) and deuterostomes, and schizocoely also appears in both (the posterior coelomic cavities in Branchiostoma). Likewise, multimery is found in both (cephalochordates and vertebrates are multimeric; there is no trace of trimery at any stage of their development). The striking plasticity in the ontogeny of the coelom has been illustrated by Remane (1963) in hemichordates, showing that the different embryologic origins of organs cannot be used as a criterion for refuting homology. The occurrence of segmented adults (and the fact that this segmentation is based on the splitting of mesodermal bands into somites) in all three branches is the striking feature of the bilaterian tree.
The case for the ancestry of segmentation has been given decisive support recently by the comparative molecular embryology. In the fly, the segmentation of the embryo is determined by a cascade of developmental regulator genes including (in hierarchical order) the maternal genes whose products define broad morphogenetic gradients in the egg, the "gap"-genes which convert these gradients into regions and gradients of smaller range, the "pair-rule" genes which define the segments in an alternate way and the segment-polarity genes which refine the boundaries between these segments. The homologue of the segment-polarity gene engrailed, which is expressed in the posterior part of segments in fly, is also expressed in the posterior part of somites in the amphioxus (Holland et al., 1997) . Moreover, a homologue of the pair-rule gene hairy is expressed in a pair rule fashion during the somitogenesis in the zebrafish (Miiller et al., 1996) . Since the only raison d'etre of a pair-rule gene is to define segments, this is a decisive argument in favor of the ancestral character of segmentation (Kimmel, 1996; De Robertis, 1997) .
In this context, the lack of anus, coelom and segmentation in flatworms is obviously secondary, implied by their phylogenetic position inside the protostomes.
PROGENESIS: A POSSIBLE MECHANISM FOR THE LOSS OF COELOMATE CHARACTERS IN FLATWORMS
How can the loss of such advantageous organs as the coelom and the anus be explained? The answer may be that the adaptive history of the ancestors of flatworms made these organs redundant. Rieger (1980) has emphasized that annelids of very small size, adapted to an interstitial way of life, tend to lose the coelom. Evolution toward a small size can also explain the loss of a circulatory system. I have already mentioned how a diverticulate gut, as seen in many flatworms, could have replaced a tube-shaped gut complemented with a circulatory system (Balavoine, 1997) .
Is it possible to answer Hyman's criticism (cited in the introduction): can all these losses of organs have occurred concommitantly, without letting any obvious intermediate taxon in modern fauna? Rieger (1986) and Westheide (1987) have proposed progenesis, i.e., sexual maturity reached at a larval stage of development, as a possible mechanism for explaining a simpler organization in interstitial animals. These authors assert that progenesis, if followed by the extinction of the ancestral stem species, can produce body plans unrelated to any other modern group (thus creating instantly what one can call a new phylum).
As far as the platyhelminths are concerned, the case for progenesis can be advocated by the comparison of the life cycles of nemertines and polyclad flatworms. Nielsen (1995) is one of the latest defenders of a close relationship between flatworms and nemertines, mainly on the basis of the similarities between their larval types. The Miiller's and Gotte's larvae of polyclads and the pilidium of heteronemertines share a reduced hyposphere, an absence of the ventral nervous system and a lack of anus. They have some differences, such as the general ciliation of the ectoderm in the flatworm larvae, but none of these contradict a common origin of these larvae.
Important differences are found in metamorphosis. In heteronemertines, pairs of embryonic discs are formed from the larval ectoderm. These discs surround the larval gut and will eventually fuse to form the adult ectoderm. At that point, an adult rudiment is thus present inside the pilidium larva. Its anterior-posterior axis is tilted by 90 degrees relative to the larval main axis. At a later stage, an anus is formed. The juvenile worm then breaks through the larval ectoderm. This is a complete metamorphosis with little contribution of the larval tissues to the resulting juvenile. It is during this process that the mesodermal cavities, which can be considered as coelomic derivatives (the rhynchocoele and the blood vessels), form.
By contrast, the metamorphosis of the Miiller larva into a young flatworm appears more "streamlined" (Brusca and Brusca, 1990) . Some adult characters are already present in the larva, such as ubiquitous ciliation of the ectoderm and a pair of eyespots. The main axis of the larva gives the anterior-posterior axis of the adult after elongation. The pharynx forms around the larval mouth to give the adult mouth, which thus retains the posterior-ventral position of the blastopore. The parenchyme of the flat- worm originates from the proliferation of the larval mesenchyme. Most of the tissues of the adult thus appear to be in ontogenic continuity with the corresponding tissues of the larva. It is possible to interpret the whole process of development of a polyclad as a combination of heterochronic transformations from a coelomate ancestor with a trochophore-like larva and complete metamorphosis, just as nemertines or annelids (Fig. 6) . The presence of eyespots and continuous ciliation in the larva would result from the acceleration of the development of these particular characters and their transfer before metamorphosis. Then, the development is abbreviated by the loss of a complete metamorphosis, i.e., the anus is never formed, nor any circulatory system. Sexual maturity is thus attained by an individual that retains a "larval" morphology.
Nemertines can stand as an example of an intermediate stage in this process. They have already lost the anus in the larval stage. Additionally, the splitting of the paired mesodermal bands, which give rise to the coelomic cavities in annelids and other spiralian phyla, is also lacking. Therefore nemertines lack an extensive body cavity and are thus deemed to be "acoelomate." Whether this intermediate condition is the sign of close affinity with flatworms or is due to parallel evolution has still to be discovered.
The hypothesis of progenesis has always seemed to be a "nice story." It provides a convenient explanation for the evolution of body plans in many cases, but it is not readily testable. Recently, this situation has changed with the development of comparative molecular embryology. Comparison of patterns of expression of conserved developmental regulators may give new insights into this crucial question of how important events of heterochrony affecting indirect development might have generated new body plans. ACKNOWLEDGMENTS I thank Andre Adoutte without whose support the ideas expressed in this paper would never have come together. I am grateful also to Michael Akam, Claus Nielsen, Christen Mirth, Renaud de Rosa and two anonymous reviewers for valuable comments and suggestions.
